The repassivation current of titanium was measured by a newly designed electrochemical cell that can bare a new metal surface momentarily for the determination of the effects of biological factors such as dissolved oxygen, inorganic ions, amino acids, and proteins, on time transient of repassivation current. For this purpose, saline with various concentrations of dissolved oxygen and Hanks' solution with and without amino acids and proteins were employed as electrolytes. Estimated peak current densities and total charges during repassivation were used for the evaluation of reppasivation current. As a result, dissolved oxygen did not influence the repassivation reaction of titanium. Inorganic ions and proteins accelerated the repassivation, while some amino acids delayed it. If these factors are combined, it is important to reveal which factor governs the reaction. Unfortunately, that problem could not be revealed by this study. The above findings may apply to the dissolution amount of metal ion from depassivated titanium in the human body.
Introduction
Biomaterials are implanted into a human body to recover functions lost due to accidents, diseases, or the aging process. Many kinds of metallic materials are implanted in the body. Corrosion-resistant alloys are employed as biomaterials because dissolved metal ions can cause toxicity in the body. Titanium and its alloys are successfully used for biomedical and dental materials today because of their high corrosion resistance. When titanium materials are implanted into a living body, metallic elements are detected from tissues near the materials and organs in it. [1] [2] [3] [4] [5] [6] [7] [8] Parts of biomedical devices, such as bone plates and screws, the head of an artificial joint, and dental restoratives, are exposed to scratches, dents, and fretting in the body. In this case, the main cause of the release of the elements is wear. Even without wear, metallic elements are detected in the body [3] [4] [5] [6] [7] [8] because of the dissolution due to chemical factors. These metallic elements are released from the materials as wear debris and metal ions, existing in the body as wear debris, ions, and their compounds such as oxides, hydroxides, salts, and complexes that may be combined with biomolecules. Inside the body, the state of these elements cannot be identified. In titanium bone plates and screws, a major factor of the release of titanium is the handling that takes place during implantation and retrieval. 9) Many efforts have been made to quantify the amount of released metallic elements. The quantification of ions dissolved into simulated biofluids during immersion of the materials is the simplest method. The materials are sometimes worn in the fluids to accelerate the dissolution. Another method is the quantification of the elements in tissues and organs retrieved from animals in which the materials have been implanted. However, the gross amount of released elements cannot be determined because some dissolved elements are transported and metabolized. Dissolved ions may be toxic to the human body. However, before beginning any discussion on the influence of metal ion on the body, we must first know how many metallic elements are released. One of the causes for the dissolution of metal ion is the depassivation of the metal and the metal ions dissolved during the repassivation process. To estimate the amount of dissolved ions during repassivation, the measurement of repassivation current is necessary.
There are two difficulties to conduct the estimation of the amount of ion dissolved during the repassivation of titanium: the removal of the surface oxide and fast repassivation. The removal of its surface film in aqueous solutions by cathodic reduction is difficult because of a preferential reaction of hydrogen evolution. Therefore, the surface oxide film must be destroyed to expose metal surface. On the other hand, the surface oxide film is readily regenerated. The rate of repassivation of many metals makes the acquisition of rapid current decay due to oxide growth difficult. Therefore, depassivation has been investigated by the mechanical breakdown of the passive film employing scratching, 10) guillotining, [11] [12] [13] or thin-film breaking. 14, 15) In these techniques, the relaxation process immediately after the mechanical destruction of the passive film was investigated by chronoamperometry. Depassivation by laser radiation was also employed. 16) In the field of biomaterials, the repassivation current of a Co-Cr-Mo alloy in phosphate-buffered saline was measured by the scratching method.
17) The peak current did not change by aeration, but it decreased by the existence of albumin.
In this study, the time transient of the repassivation current density in titanium was measured to evaluate the repassivation behavior, and the effects of biological factors such as dissolved oxygen, inorganic ions, amino acids, and proteins on the repassivation process were examined by measuring the current. For this purpose, we designed a new electrochemical cell to expose the metal surface instantly. The measured time transient of current density gave a peak current density, J peak , baseline current density, J 1 , and total charge of repassivation reaction, Q w , which was obtained by the integration of current density. 
Experimental Methods

Specimen
Commercially pure titanium (>99:5%) foil (Rare Metallic, Tokyo, Japan) with a thickness of 20 mm (Grade 2) was cut into 2-mm wide ribbons. Composition of the titanium foil is summarized in Table 1 . The medium part of the ribbon was mounted by an auto-cured acrylic resin (ORTHOFAST, GC Dental Products, Tokyo, Japan) with a wedge-shaped notch. Both sides (about 5 mm in length) of the titanium ribbon were not mounted in the resin (Fig. 1 ). The mounted ribbon was ultrasonically rinsed in distilled water for 900 s, and the ribbon was wiped with acetone.
Electrolytes
We used 0.9%NaCl solution (saline) and Hanks' solution without organic species with ion concentrations similar to those of extracellular fluid. Saline was bubbled with N 2 and 4%O 2 /N 2 gases. Hanks' solution was bubbled by 4%O 2 /N 2 gas. We employed 4%O 2 /N 2 gas because the partial pressure of oxygen in the gas is almost the same as that in body fluid. The ion concentrations of Hanks' solutions are summarized in Table 2 . The pH of Hanks' solution was 7.4 just after preparation. Amino acids (SIGMA) were added to Hanks' solution with a concentration of 10 À3 mol L À1 because the gross concentration of amino acids in human plasma was about 10 À3 mol L À1 . The amino acids employed in this study and their charges and molecular weights are summarized in Table 3 . These amino acids also have charged terminals, NH 4þ and COO À . Proteins, i.e., bovine albumin (96% up, SIGMA) or fibrinogen from bovine plasma (75% up, SIGMA), were added to Hanks' solution with a concentration of 1 g L À1 . The isoelectric point of albumin was 5.0-6.0, and that of fibrinogen from bovine was 5.5. Therefore, these proteins were negatively charged in Hanks' solution.
Electrochemical cell
An original electrochemical cell was designed to momentarily bare a metal surface in aqueous solutions. The design of the cell is illustrated in Fig. 1 . The resin-mounted titanium foil was fixed between acrylic resin bars. One side of the nonmounted foil was exposed to an electrolyte, forming a working electrode, and the other side was connected to an electrochemical analyzer. The reference electrode was a 
Measurement
The specimen was fixed in the electrochemical cell, and the electrolyte was bubbled with the gas mentioned above for 3600 s before measurement. The potential of the specimen vs. SCE was controlled at a potential between À0:6 V and 1.5 V using an electrochemical analyzer (HZ-3000, Hokuto Denko) with a chronoamperometry mode. Then, the specimen was fractured, and the current was measured. The data sampling frequency was 50 kHz. The fractured area was observed using a scanning electron microscope to determine the exposed surface area.
Evaluation of current density transient
Immediately after the fracture of the specimen, metal dissolution and subsequent repassivation occur, causing in current density transients. The current density transient obeys eq. (1): 17) JðtÞ
where J peak is the peak current density, is the time constant for repassivation, t 0 is the time period to expose the bare metal surface, and J 1 is the baseline current density at t ¼ 1. In this study, t 0 assumed to be negligible because the sample was momentarily fractured. Then, the observed current density transient assumes to obey eq. (2).
Therefore, the transient of current density was fitted with a least square method by eq. (2), and the values, J peak and , were calculated. Total charge of repassivation reaction, Q w , was calculated from the integration of JðtÞ to t. The time period for the integration was from the time when current density started increasing to the time when the current density became constant; 30 ms after the increase was employed in this study. Figure 2 shows a scanning electron micrograph of the fractured surface of titanium foil. The picture shows a ductile, relatively smooth fractured surface. Therefore, the area of bared metal surface is estimated as the product of the width by the thickness.
Experimental Results
The change of the current density of titanium by the fracture of the specimen in Hanks' solution at 0 V vs. SCE is shown in Fig. 3 . The current density momentarily increased by the fracture and then abruptly decreased. The peak current densities, J peak , as a function of charged potential are shown in Figs. 4A-4C. The J peak increased exponentially with the potential. No difference in J peak was observed between saline with 0% and 4%O 2 (Fig. 4A) . The J peak in Hanks' solution was smaller than that in saline (Fig. 4A) . The addition of amino acids slightly influenced the J peak as the increase (Fig.  4B) , while the addition of proteins reduced the J peak (Fig.  4C) .
Figures 5A-5C shows the total charge of the repassivation reaction, Q w , obtained by the integration of the current with time. The Q w in saline did not change according to the dissolved oxygen concentration. The Q w in Hanks' solution was smaller than that in saline. Generally, amino acids increased the Q w . In particular, alanine and phenylalanine markedly increased the Q w . In contrast, proteins reduced the Q w . These were almost the same as those in the J peak .
Discussion
The J peak as well as Q w in the repassivation current of titanium was independent of the dissolved oxygen concentration (Figs. 4A and 5A ). The repassivation reaction of titanium was very fast, finishing in 30 ms according to the current change. Oxygen from the hydrolysis of water is more available than dissolved oxygen to form a titanium oxide Effects of Biological Factors on the Repassivation Current of Titaniumfilm. The J peak and Q w in the repassivation current in Hanks' solution were smaller than those in saline (Figs. 4A and 5A) , indicating that the repassivation reaction is accelerated by inorganic ions contained in Hanks' solution. The formation of the surface oxide film in Hanks' solution involves the reaction of phosphate ions with titanium in addition to the normal reaction of water and titanium.
18) The surface films regenerated in Hanks' solutions are primarily composed of both TiO 2 and TiO(OH) 2 containing adsorbed water and phosphate. The growth of the surface oxide film is delayed by phosphate ion, determined by the measurement of the open circuit potential after depassivation. 18) On the other hand, the repassivation current decreased by inorganic ions contained in Hanks' solution, and the repassivation was accelerated. This discrepancy is remarkable. Therefore, repassivation reaction of titanium during 30 ms just after baring a new metal surface estimated by current transient must be considered independently from the subsequent growth of surface oxide measured by potential in second order.
The addition of amino acids slightly influenced the J peak as the increase (Fig. 4B) ; however, most of amino acids increased the Q w (Fig. 5B) . That is, the repassivation was delayed by most amino acids. In particular, alanine and phenylalanine delayed the repassivation reaction. These amino acids have a non-charged residue but have NH 4þ and COO À . Unfortunately, the mechanism behind the delay could not be revealed by this study. On the other hand, J peak and Q w decreased by proteins, indicating that proteins accelerate the repassivation. The repassivation reaction may be apparently accelerated because of the existence of proteins. One possible explanation is the barrier effect of the adsorbed protein, which prevents water from reaching the titanium surface. The J peak and Q w in the repassivation current increased with the charged potential. The J peak increased exponentially with the charged potential, expressed as the following equation: 19) I peak ¼ ðu=AÞ expðBV=XÞ ¼ I 0 expðBV=XÞ; ð3Þ where I peak is the peak current, X is the oxide thickness, u is a preexponential term incorporating various material parameters, A is a constant equal to M=nF, M is atomic weight, n is the number of electrons transferred, F is Faraday's constant, is density, B is the inverse field coefficient, and V is the voltage drop across the film. The I peak or J peak is governed by the exposed rate of the metal surface. The slower the exposure is, the smaller the J peak is. If the bare surface polarization response was ohmically limited even at a higher solution resistance than predicted, the current density should still vary linearly with the applied potential. 13) Figures 5A-5C indicates a nonlinear response. Therefore, it appears that an ohmic limitation does not limit the observed current density. In other words, the J peak did not show the ohmic limit because J peak was not proportional to the charged potential.
To estimate the dissolution amount of metallic ion, the Q w must be decomposed into the components of ion dissolution and oxide formation, expressed as eqs. (1) and (2) . The Q w is composed of the partial charges
where Q cd is related to a nonfaradaic reaction (mainly the charging of the electric double layer), whereas Q d , Q f , and Q cath are related to faradaic reactions, i.e., the dissolution of Ti, the formation of passive film, and the cathodic reaction on the depassivated area, respectively. As the measurement potential is high enough with respect to the potential of hydrogen evolution (below À1:0 V), the cathodic charge, Q cath , can be neglected. 16) Assuming Q cd ( Q f , Q d is derived as follows: 16) 
The integrated current density with time obtained by this study was Q w , which is the sum of Q f and Q d , but neither origin could be identified. The ratio of Q f to Q d changes according to the pH and the potential. The proportion of Q d increases with the decrease of the pH and the potential in the case of iron.
16) The proportion of Q d is over 0.9 at pH 3 in iron. On the other hand, the thickness of the surface oxide formed on Ti-8Al-1Mo-1V alloy at 30 ms after removing an original surface oxide in 0.6-M NaCl solution at 0 V is about 0.2 nm. 19) In commercially pure titanium, large charge majority of charge passed goes into dissolution and not into oxide formation. 15) According to this discussion, approximate calculation of dissolution amount of metal ion from titanium during repassivation or when the surface oxide film is ruptured.
Conclusions
According to the measurement of the repassivation current using a new-designed electrochemical cell, the following conclusions were reached. Dissolved oxygen did not influence the repassivation reaction of titanium. Inorganic ions and proteins accelerated the repassivation, while some amino acids delayed it. If these factors are combined, it is important to reveal which factor governs the reaction. Unfortunately, that problem could not be revealed by this study. The above findings apply to the dissolution amount of metal ion from depassivated titanium in the human body.
